INTRODUCTION
============

Marine sediments preserve only \<1% of the primary produced organic matter because of its efficient remineralization in the water column and on the seafloor by fauna and microorganisms ([@R1]). Over geological time scales, the burial rate of organic matter affects the global carbon and oxygen cycle; thus, key questions remain as to the environmental factors that alter faunal and microbial transformation of deposited organic matter. One such factor apparently controlling burial and efficiency of organic carbon degradation is bottom-water oxygen concentration ([@R1]--[@R4]). Low oxygen supply at the seafloor promotes the accumulation of organic matter in sediments, but the underlying mechanisms for this effect are still not fully elucidated. Previous investigations have compared the effects of oxygen on organic matter degradation rates by assessing oxic versus anoxic conditions or oscillations of both in the field and laboratory ([@R5]--[@R10]) and by global data syntheses and modeling \[([@R3], [@R11]) and references therein)\]. Because of the increasing spread of hypoxia, it is important to understand and to quantify the consequences of low oxygen supply for marine life, ecosystem function, and biogeochemical cycles ([@R12]). Hypoxic conditions are defined as oxygen concentrations (\<63 μM O~2~) known to affect faunal physiology, community structure, and ecosystem function ([@R10]).

The inhibition of faunal activity has been proposed as a key factor in hypoxia-induced organic matter accumulation ([@R10]). By dwelling in surface sediments, benthic fauna can actively mix oxygen and fresh organic deposits with deeper anoxic sediment layers, a process termed bioturbation ([@R1], [@R7], [@R13]). However, at low bottom-water oxygen concentrations, benthic fauna will emigrate or die, with the consequence that microbes dominate organic matter transformation and benthic energy fluxes in hypoxic environments ([@R14]). Because microbes do not perturb the sediment, bacterial depolymerization of complex molecules is relatively slow and inefficient in the absence of benthic fauna ([@R9], [@R15]--[@R17]). Furthermore, although microbial extracellular enzymatic degradation of organic matter does not require oxygen per se, some molecules with nonhydrolyzable bonds can only be cleaved through highly reactive peroxide groups (that is, oxygen--oxygen single bond) or by oxygenases and peroxidases, therefore requiring oxygen as an enzymatic cofactor \[([@R1], [@R3]) and references therein\]. Additionally, the accumulation of degradation products, such as sulfide, can change organic matter availability and reactivity, affecting remineralization rates ([@R18]) and enhancing preservation of otherwise labile compounds over time scales of millennia ([@R19]). Under oxic conditions, many organisms can fully mineralize the hydrolytic products to carbon dioxide, but in the absence of oxygen, complete organic matter breakdown needs complex consortia of anaerobes \[([@R4]) and references therein\].

Microbial communities inhabiting surface seafloor sediments can rapidly react to input of fresh organic matter: (i) at a functional level, by increasing hydrolysis, respiration, and carbon assimilation rates ([@R20], [@R21]), and (ii) at a community level, by changing their species composition ([@R22], [@R23]). Eutrophic coastal areas and oxygen minimum zones contain highly diverse communities within the top few centimeters of surface sediments, including aerobic and anaerobic polymer degraders, which use a variety of electron acceptors such as nitrate, iron, manganese, and sulfate ([@R24]--[@R27]). Shelf sediments receive a relatively high but variable input of organic matter and are generally well mixed by physical and biological processes and exposed to varying fluxes of oxic bottom waters and anoxic pore waters ([@R28]). Hence, it appears likely that benthic microbial communities are well adapted to fluctuating oxygen availability. However, so far, little is known about the direct effects of hypoxia on communities of benthic microorganisms in marine sediments and the impact of temporal variability in oxygen availability. It remains to be tested whether the composition of microorganisms is sensitive to bottom-water oxygen concentration, as is the composition and diversity of benthic fauna ([@R10]) and at what threshold of oxygen concentration. In the case of the Black Sea, the presence or absence of oxygen (or hydrogen sulfide) has been proposed as the main driver for the changes in microbial community structure and function ([@R29]--[@R33]).

The Black Sea is the largest naturally anoxic water body in the world. The permanent stratification of the water column defines an anoxic-sulfidic deepwater mass and a ventilated oxic surface layer separated by a chemocline at a depth of ca. 80 to 100 m ([@R31], [@R34]). The position of the chemocline is dome-shaped, being shallower in the central basin compared to the shelves where it resides at a water depth of about 150 m ([@R35]). Along the shelf, the chemocline encounters the seafloor, creating a dynamic range of oxygenation regimes within a water depth zone of 100 to 200 m from permanent oxic to variable hypoxic and anoxic-sulfidic conditions ([Fig. 1](#F1){ref-type="fig"}). On the outer northwestern Crimean shelf, internal waves and eddies can oscillate the chemocline across the shelf break, producing drastic changes in bottom-water oxygen availability at the seafloor on a scale of days to hours ([@R36]).

![Study area (inset, star) and section of the outer northwestern Crimean shelf showing the position of sampling sites (inverted triangles).\
The filled areas show the minimum and maximum bottom-water oxygen or sulfide concentrations measured at different times between 25 April 2010 and 7 May 2010 (*n* = 128; measured between 0.05 and 12 m above seafloor). Blue, oxic; yellow, hypoxic; red-orange, anoxic-sulfidic conditions. The dashed line depicts the hypoxia threshold (63 μM O~2~).](1601897-F1){#F1}

In this study, we have sampled the northwestern Crimean shelf break (Black Sea) exposed to a natural gradient in bottom-water oxygen concentration within a transect of 40 km. The sites compared are uniform in productivity, particle deposition, and sediment accumulation rate. This sampling design allowed us to assess the direct effect of bottom-water oxygen supply on organic matter preservation, reactivity, faunal and microbial community composition, and the respective threshold for decreased remineralization efficiency for various organic compounds. Sampled sites included, at one extreme, a permanent oxic zone showing oxygen penetration depths of, on average, 5 mm with signs of bioturbation, including oxygen penetration, and roughness, of topography of surface sediments. At the other extreme, the permanent anoxic zone with slightly sulfidic bottom waters lacked fauna, aerobic respiration, and bioturbation. Within the hypoxic zone, we could discriminate two areas of oxic-hypoxic (170 to 10 μM; O~2~ penetration depth of 5 to 2 mm) and hypoxic-anoxic conditions (20 to 0 μM; O~2~ penetration depth of \<2 mm) ([Fig. 1](#F1){ref-type="fig"}). The study focused on the top centimeter of deposited sediment, representing ca. 10 years of sediment accumulation \[years 2000--2010; ([@R37])\]. We tested the hypotheses that variations in oxygen supply cause shifts in structure and function of benthic microbial communities and that this shift leads to the accumulation of labile organic compounds. Specifically, we predicted that (i) we should observe differences in organic matter accumulation along this transect, if there was a link between oxygenation and organic matter remineralization efficiency, and (ii) a change in oxygen concentration would be accompanied by a shift in faunal and microbial community composition, with (iii) effects on the composition of the organic matter buried.

RESULTS
=======

Geochemical gradients related to oxygen content of bottom water
---------------------------------------------------------------

Along a transect of ca. 40 km on the outer Crimean shelf, a continuous decrease in bottom-water oxygen concentration was observed with increasing water depth below 120 m ([Fig. 1](#F1){ref-type="fig"}). Bottom-water oxygen concentration ranged from ca. 170 μM at 100 m to below the detection limit at depths greater than 170 m. Deeper than about 200 m, bottom waters contained 3 to 10 μM sulfide ([Fig. 1](#F1){ref-type="fig"}). Within the hypoxic zone, we could discriminate two areas of oxic-hypoxic (170 to 10 μM; O~2~ penetration depth of 5 to 2 mm) and hypoxic-anoxic conditions (20 to 0 μM; O~2~ penetration depth of \<2 mm) ([Fig. 1](#F1){ref-type="fig"}). Accordingly, four different zones were defined in terms of oxygen supply: (i) permanent oxic, (ii) variable oxic-hypoxic, (iii) variable anoxic-hypoxic, and (iv) permanent anoxic, with sulfide in bottom waters.

A rather constant primary productivity of 220 g C m^−2^ year^−1^, as estimated from ocean color algorithms, prevails for the entire study area \[MyOcean data extract (2015); fig. S1\] ([@R38]), of which approximately 30% reaches the seafloor ([@R38]), equivalent to a particle flux of 15 mmol C m^−2^ day^−1^. Sediment accumulation rates are around 1 ± 0.5 mm year^−1^ for the upper 10 cm ([@R37]).

Sediments were of fine-grain muddy composition with a brownish-grayish fluff layer on top (\~0.5 cm; [Fig. 2](#F2){ref-type="fig"}). Porosity did not vary considerably along the transect or across the top 10 cm, averaging 0.9 ± 0.03 and 0.8 ± 0.07, respectively ([@R37]). A change in coloration in surface sediments was observed from beige-brownish in the oxic zone to dark gray in the hypoxic zone and blackish toward anoxic conditions ([Fig. 2](#F2){ref-type="fig"}). The chemocline, as the boundary between oxidized and reduced bottom-water and surficial sediments, was detected visually at a depth of 150 m by the change in faunal traces and sediment color. Oxygen penetration depth measured with microsensors was 5 mm in sediments exposed to permanent oxic conditions, decreasing to \<2 mm toward the hypoxic zone and reaching \<0.5 mm in the hypoxic-anoxic zone ([@R37]). Hence, bulk sediment samples analyzed here were mostly anoxic, with the main difference being surface exposure to different bottom-water oxygen concentrations. Only the oxic site showed burrows and other signs of bioturbation and was populated by seafloor-dwelling fauna ([Table 1](#T1){ref-type="table"}).

![Sediment organic matter content and benthic fluxes.\
Surface sediments sampled by coring and respective percentage of organic carbon and chlorophyll a (Chl a) concentration downcore (*y* axis is depth in cm; core pictures depict top 5 cm). The vertical line at \~1.6% C~org~ and \~3 μg gdw^−1^ Chl a depicts the lowest C~org~ and chlorophyll a contents in samples obtained, assumed to be the threshold for remineralization in the time frame of 40 years \[based on ^210^Pb; ([@R37])\]. Benthic fluxes ([@R37]), including sulfate reduction rates, are in oxygen equivalents (1:2 transformation). Color code depicts oxygenation regimes.](1601897-F2){#F2}

###### Biogeochemistry of surface sediments (0 to 1 cm).

Methane was around 1 to 2 nM, sulfate concentrations ranged between 13 and 17 μM, and molar organic carbon to nitrogen ratio was between 9.3 and 11.4 (mol/mol), without a specific trend (not shown). Values represent average and SD (*n* = 3) when available. In the case of acridine orange direct count (AODC), SD is based on counts of \>100 squares on two replicate filters. Only oxic stations presented signs of bioturbation based on fauna abundances, shape of oxygen profiles, and microtopography \[see Lichtschlag *et al.* ([@R37]) for details\]. Range for faunal abundances is based on three to six replicate samples \[integrated over the upper 5 cm; ([@R37])\]. C~org~, organic carbon; C~org~:N, molar C~org~/N ratio; CPE, chloroplast pigment equivalents; THAA, surface and integrated concentrations over 0 to 5 cm in square brackets; DI, THAA-based degradation index; SRR, sulfate reduction rate; AODC, total cell counts based on AODC; \< d.l., value below detection limit.

  --------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  **Station/**\   **Location**\     **Water**\   **C~org~**\   **Chlorophyll**\   **CPE**\       **THAA**\             **DI**   **Fe^2^+\***\   **PO~4~^3^−\***\   **Sulfide^†^**\   **SRR\***\     **AODC**\       **Macrofauna\***\   **Meiofauna\***\
  **PANGAEA**\    **(latitude/**\   **depth**\   **(%)**       **a**\             **(μg**\       **(μmol**\                     **(μM)**        **(μM)**           **(μM)**          **(nmol**\     **(10^9^**\     **(×10^3^**\        **(×10^4^**\
  **event**\      **longitude)**    **(m)**                    **(μg gdw^−1^)**   **gdw^−1^)**   **gdw^−1^**\                                                                        **ml^−1^**\    **cells**\      **individuals**\    **individuals**\
  **label**                                                                                      **\[mmol m^−2^\])**                                                                 **day^−1^)**   **cm^−3^**\     **m^−2^)**          **m^−2^)**
                                                                                                                                                                                                    **sediment)**                       
  --------------- ----------------- ------------ ------------- ------------------ -------------- --------------------- -------- --------------- ------------------ ----------------- -------------- --------------- ------------------- ------------------
  **462**\        44°49.45′N\       105          2.6 ±\        11 ± 4             19             16.0 ±\               0.6 ±\   84              3                  \< d.l.           \<d.l.         2.5 ± 0.2       5--6.7              138--273.4
  MSM15/\         33°9.26′E                      1.7                                             4.2 (754)             0.1                                                                                                              
  1_462-1                                                                                                                                                                                                                               

  **459**\        44°40.48′N\       120          2.9           12                 37             15.7 (845)            1.3      ---             ---                ---               ---            ---             50.8                199.5
  MSM15/\         33°5.53′E                                                                                                                                                                                                             
  1_459-1                                                                                                                                                                                                                               

  **487**\        44°38.78′N\       136          4.6 ±\        26 ± 9             64 ± 19        23.5 ±\               1.1 ±\   21              5                  \< d.l.           14 ± 8         2.2 ± 0.0       26.3--\             172.2--226.3
  MSM15/\         33°0.25′E                      0.9                                             9.5 (796)             0.3                                                                                          51.4                
  1_487-1                                                                                                                                                                                                                               

  **513**\        44°37.87′N\       147          4.2           34                 82             13.7 (730)            1.7      ---             ---                ---               ---            ---             2.4                 109.5
  MSM15/\         32°57.22′E                                                                                                                                                                                                            
  1_513-1                                                                                                                                                                                                                               

  **393**\        44°37.08′N\       164          5.3 ±\        32 ± 2             86 ± 4         34.1 ±\               1.3 ±\   14              7                  \< d.l.           15 ±\          1.9 ± 0.1       1.2                 5.0
  MSM15/\         32°53.48′E                     0.5                                             11.7 (773)            0.1                                                           10                                                 
  1_393-1                                                                                                                                                                                                                               

  **506**\        44°36.38′N\       171          3.8           29                 66             23.4 (1396)           1.7      ---             ---                ---               ---            ---             0                   ---
  MSM15/\         32°52.72′E                                                                                                                                                                                                            
  1_506-1                                                                                                                                                                                                                               

  **448**\        44°35.84′N\       207          4.9 ±\        41 ± 9             94 ± 16        24.9 ± 3.4\           1.5 ±\   \< d.l.         3                  92                83 ±\          2.4 ± 0.4       0                   0.13
  MSM15/\         32°49.03′E                     1.1                                             (1289)                0.5                                                           45                                                 
  1_448-1                                                                                                                                                                                                                               
  --------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

\*Data from Lichtschlag *et al.* ([@R37]).

†Total sulfide concentration from upper 2 cm.

### Pigments

Pigment concentrations in surface sediments increased significantly from oxic to anoxic bottom-water conditions (*F*~3,9~ = 9.39, *P* \< 0.01; Tukey post hoc test, *P* \< 0.05; [Fig. 2](#F2){ref-type="fig"} and [Table 1](#T1){ref-type="table"}). Chlorophyll a content was ca. 10 μg gram dry weight (dw)^−1^ at the oxic site but more than 40 μg gdw^−1^ at the anoxic site. When including detrital phaeopigments, a similar trend was observed (*F*~3,9~ = 20.41, *P* \< 0.001; Tukey post hoc test, *P* \< 0.01), with the highest concentrations found under anoxic conditions (more than 90 μg gdw^−1^). Chlorophyll a averaged 43 ± 7.2% of the sum of the pigments (chlorophyll a + phaeopigments), indicating the deposition of relatively fresh algal detritus at all sites. Chlorophyll a contents decreased with sediment depth, to a threshold of 3 μg gdw^−1^, but remained fourfold higher in subsurface sediments of the hypoxic-anoxic sites (*F*~7,44~ = 16.83, *P* \< 0.001; Tukey post hoc test, *P* \< 0.001; [Fig. 2](#F2){ref-type="fig"}).

### Other organic compounds and amino acid--based degradation index

Total organic carbon (C~org~) ranged between 2.6 and 5.3% dry weight in the top first centimeter, decreasing to ca. 1.6% with increasing sediment depth ([Fig. 2](#F2){ref-type="fig"}). A further decrease was observed only in longer sediment cores, with a minimum in C~org~ content of 1.3% (fig. S2). Surface and downcore concentrations were substantially higher under hypoxic and anoxic conditions (*F*~7,60~ = 24.12, *P* \< 0.001; Tukey post hoc test, *P* \< 0.01; [Fig. 2](#F2){ref-type="fig"}, fig. S2, and [Table 1](#T1){ref-type="table"}), with a peak concentration at the chemocline (water depth of 150 m, 5% C~org~). C~org~:N ratio ranged from 9 to 11 in the different zones, with slightly lower values at the hypoxic stations. Total hydrolyzable amino acids (THAAs) were lower at the oxic station ([Table 1](#T1){ref-type="table"} and fig. S3), and highest in variable hypoxic conditions with THAA of \>30 μmol gdw^−1^ (*F*~3,11~ = 3.72, *P* \< 0.05; Tukey post hoc test, *P* \< 0.05), whereas integrated values (0 to 5 cm) showed the highest concentrations under permanent anoxic conditions ([Table 1](#T1){ref-type="table"} and fig. S4), suggesting further accumulation with time in the absence of oxygen.

The degradation index (DI) based on protein amino acids ([@R39], [@R40]) averaged 1.2 ± 0.4 and ranged from 0.6 to 1.7, increasing along the transect from oxic to anoxic conditions ([Table 1](#T1){ref-type="table"}). The most degraded material (the lowest score) was found at the site exposed to highest oxygen availability, while the index of sites under anoxia indicated an accumulation of less degraded material (*F*~3,8~ = 8.65, *P* \< 0.005; Tukey post hoc test, *P* \< 0.05). This trend was also observed downcore (fig. S3).

### Dissolved organic matter

#### Dissolved organic carbon and total dissolved nitrogen in pore water

The concentration and composition of pore-water dissolved organic carbon (DOC) are summarized in [Table 2](#T2){ref-type="table"}. Higher DOC concentrations were observed under oxic (387 μM) than in anoxic (275 μM) conditions, while total dissolved nitrogen (TDN) concentrations were greater in anoxic than in oxic conditions (81 and 58 μM, respectively). Accordingly, the DOC/TDN ratios of the dissolved organic matter (DOM) accumulating in pore water also differed, with ratios of 6.6 and 3.4 at the oxic and anoxic sites, respectively.

###### DOM composition in pore waters as obtained from Fourier transform ion cyclotron resonance mass spectrometry analysis (pooled pore-water volume from 0 to 10 cm).

Molecular weight for the molecules detected ranged from 406 to 461. Hydrogen and oxygen to carbon ratio (intensity weight average) ranged from 1.2 to 1.3 and 0.4 to 0.5, respectively. AImod, aromaticity index; DBE, double-bond equivalents; total CHO, CHON, and CHOP, percentage of formulae containing carbon, hydrogen, and phosphorus; total S-bearing compounds, percentage of formulae containing sulfur-bearing compounds.

  ----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
           **DOC (μM)**\         **TDN (μM)**\         **DOC/TDN**\      **Group of**\      **No. of**\    **AImod~wa~**   **DBE~wa~**   **Total**\   **Total**\   **Total**\   **Total**\
           **and extraction**\   **and extraction**\   **molar ratio**   **formulae**       **formulae**                                 **CHO**      **CHON**     **CHOP**     **S-bearing**\
           **efficiency (%)**    **efficiency (%)**                                                                                                                             **compounds**
  -------- --------------------- --------------------- ----------------- ------------------ -------------- --------------- ------------- ------------ ------------ ------------ ----------------
  Oxic     387 (51%)             58 (12%)              6.6               Exclusive oxic     678            0.2             8.8           33           45           28           17

  Anoxic   275 (80%)             81 (10%)              3.4               Exclusive anoxic   626            0.3             9.3           14           27           12           57

                                                                         Common\            5287           0.2             7.4           37           39           1            22
                                                                         formulae                                                                                               
  ----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

#### DOM molecular characterization

DOM in the pore water of the oxic and anoxic zones showed a high similarity in identified formulae (\~89% shared), with \~11% of formulae unique to each condition. Nitrogen-containing compounds (CHON) represented 45% of exclusive formulae of the oxic site compared to 27% of the anoxic site ([Table 2](#T2){ref-type="table"}).

Under anoxic conditions, threefold more sulfur-bearing compounds (CHOS, CHONS, and CHOSP) were detected than in oxic conditions (57 and 19%, respectively), consistent with higher sulfurization ratios of organic matter, leading to the buildup of sulfurized DOM (fig. S5). Most sulfurized molecular formulae were unique for anoxic conditions (234 versus 69 formulae; fig. S5). Anoxic conditions showed a higher proportion of unsaturated molecular formulae (132 formulae) than sediments exposed to oxic bottom-water conditions (47 formulae), while molecular groups associated with fresh organic matter, such as unsaturated aliphatics, contributed 9 and 16 formulae, respectively. Only a minor contribution of sulfurized formulae associated with sugars was detected (\<3 formulae).

### Microbial community characterization

#### Cell abundance

Cell abundance averaged 2.2 ± 0.3 × 10^9^ cells cm^−3^ sediment, without a clear trend related to bottom-water oxygen ([Table 1](#T1){ref-type="table"}). Subsurface sediments (2 to 4 cm) exposed to the most oxic bottom water conditions showed only negligibly higher cell abundance (3.5 × 10^9^ cells cm^−3^) than those in the most anoxic water conditions (3 × 10^9^ cells cm^−3^) (fig. S6). Below the top 5 cm, cell numbers decreased to less than half of those in the top sediments and then further decreased with increasing sediment depth but with minor differences across the sampling sites (fig. S6).

#### Bacterial community structure based on ARISA fingerprinting

A total of 411 different operational taxonomic units (OTUs) were detected by automated ribosomal intergenic spacer analysis (ARISA) fingerprinting across all samples (sediment depth of 0 to 1 cm), with numbers ranging from 145 ± 9 to 187 ± 11 at each station along the transect (table S1). In the top seafloor layer exposed to different bottom-water oxygenation conditions, the number of distinct OTUs was significantly (17%) lower in permanent oxic sites than in sites with variable oxygenation regimes (*F*~3,80~ = 6.21, *P* \< 0.001; Tukey post hoc test, *P* \< 0.01; table S1). Overall, ca. 41 to 58% of OTUs detected were present at all sites. The permanently oxic zone (station 462) had no unique OTUs at all (table S1), but its bacterial community structure was still significantly different from that of communities at sites with variable and stable anoxic conditions \[analysis of similarity (ANOSIM), Bonferroni-corrected, *P* \< 0.005; table S1\]. The nonmetric multidimensional scaling (NMDS) ordination plot (based on Bray-Curtis distance matrix of OTU relative abundances) indicated significant differences in bacterial community structure for all zones, with a grouping of stations according to their oxygenation regimes (ANOSIM, Bonferroni-corrected, *P* \< 0.005; [Fig. 3A](#F3){ref-type="fig"}).

![Bacterial community structure in surface sediments.\
(**A**) NMDS ordination plot (Bray-Curtis distance matrix) of ARISA profiles for the sampling stations for surface sediments (0 to 1 cm below sea floor). Different colors represent different oxygenation regimes: blue, stable oxic; yellow, variable oxic-hypoxic; orange, variable anoxic-hypoxic; red, stable anoxic. Stress, 0.18. (**B**) Relative sequence abundance of bacterial classes across oxygenation regimes detected by 454 NGS. (**C**) Most abundant bacterial families in different sediment horizons \[depth layer in parentheses (cm)\]. Note that the term "oxic" refers to bottom-water oxygen concentration and not oxygen content in the sediments.](1601897-F3){#F3}

#### Bacterial community structure based on 454 next-generation sequencing

To explore the identity of the bacterial members of the benthic community, we carried out 454 next-generation sequencing (NGS) analysis of surface sediments from each oxygenation regime (stations 462, 487, 393, and 448; table S2), yielding a total of 35,783 sequence reads. These consisted of 4670 unique OTUs (97% clustering; hereafter referred to as OTUs~0.03~), from which 50% were absolute singletons, that is, they consisted of only one sequence in the entire data set. These represented less than 6% of the total sequence reads and were not included in subsequent analyses. Across all sites, the percentage of shared OTUs was around 16 to 27%; accordingly, the estimate of dissimilarity (beta diversity; Bray-Curtis) was higher than that detected by ARISA because of the high proportion of rare taxa that ARISA does not detect. However, NGS analysis also indicated that the oxic microbial community was most different from the anoxic community, and the hypoxic-anoxic communities were more similar to each other and to the anoxic microbial community (table S2). Overall, the observed OTUs~0.03~ number and estimated richness increased with decreasing concentration of oxygen in bottom waters (table S2). An increase in evenness (more even relative OTU abundance) was detected for permanent oxic and anoxic conditions (inverse Simpson index; 1/*D*, 18 to 46), with an up to sixfold difference under variable hypoxic regimes. This trend was not limited to the oxic-anoxic gradient across the four zones, but was also seen the vertical profile with sediment depth in the oxic-hypoxic zones (table S2).

Two phyla, *Bacteroidetes* and *Proteobacteria*, clearly dominated the data set, and comprised ca. 43 and 27% of all reads, respectively. Among these, the most sequence-abundant OTUs belonged to *Deltaproteobacteria*, *Gammaproteobacteria*, and *Flavobacteriia* ([Fig. 3B](#F3){ref-type="fig"}), which were, by far, the most abundant bacterial classes, representing ca. 60% of all sequences, with 40% occurring in all zones, similar to the pattern predicted by ARISA for abundant taxa. At the level of individual OTU~0.03~, these groups shared \<20% of all reads between the different oxygen regimes (table S3), suggesting niche differentiation along bottom-water oxygenation gradient.

*Caldilineae* and *Anaerolineae* dominated the oxygenated zone, but their relative sequence abundance decreased with decreasing oxygen availability ([Fig. 3](#F3){ref-type="fig"}, B and C). Also, the sequence abundances of bacterial taxa affiliated with *Flavobacteriia* decreased from \>28% under stable oxic and anoxic conditions to \<18% under variable oxygenation regimes. Approximately 15% of the OTUs~0.03~ showed a linear increase (linear correlation coefficient *R* \> 0.8) in relative sequence abundance with increasing anoxic conditions (table S4). For example, *Deltaproteobacteria* increased from 15% under permanent oxic conditions to 23 to 25% of all sequences at each site under variable to anoxic conditions. Notably, closely related OTUs were associated specifically with different oxygen concentrations (table S4): Some taxa reached the highest sequence abundances under variable hypoxic conditions, decreasing again toward stable oxic and anoxic conditions ([Fig. 3B](#F3){ref-type="fig"}). These taxa included *Gammaproteobacteria*, whose relative abundances increased from \<9% (in the case of permanent oxic and anoxic regimes) to 27% (under variable hypoxic conditions). The most abundant gammaproteobacterial family was affiliated with the JTB255 marine benthic group and followed the same trend. The 20 most sequence-abundant OTUs~0.03~, representing more than ca. 30% of all reads, were dominated by *Lutimonas* (*Flavobacteriales*, 5.4%), unclassified *Syntrophobacteraceae* (2.8%), and *Desulfobulbus* (*Desulfobacterales*, 2.7%) (table S5), all of which showed a decrease in relative sequence abundance with increasing hypoxia.

### Effect of hypoxia on different compartments of the ecosystem

Partial least squares path modeling (PLSPM) analysis was conducted to quantify direct versus indirect effects of oxygen availability (bottom-water oxygen concentration) on organic matter composition, remineralization, and diversity of metazoans and bacteria ([Fig. 4](#F4){ref-type="fig"}). The final model of PLSPM analysis showed that bottom-water oxygen had a strong positive effect on bioturbation (*P* \< 0.001), metazoan diversity (*P* \< 0.001), faunal respiration (*P* \< 0.001), and microbial aerobic respiration (*P* \< 0.001) and a negative direct effect on organic matter accumulation (C~org~, chlorophyll a, and THAA; marginally significant *P* = 0.08) and microbial anaerobic respiration (*P* \< 0.01). Microbial diversity (based on inverse Simpson index) and organic matter accumulation were negatively affected by bioturbation (*P* \< 0.01 and marginally significant *P* = 0.08, respectively). Bottom-water oxygen had no significant direct effect on microbial diversity ([Fig. 4](#F4){ref-type="fig"}). Multivariate variation partitioning analysis showed that bottom-water oxygenation regime directly explained only 11% (*P* \< 0.001) of community variation (top surface layer based on ARISA fingerprinting), consistent with the spread of ARISA OTUs, as assessed by correspondence analysis (fig. S7).

![Path diagram for the final model examining causal effects between bottom-water oxygen concentration (exogenous variable) and the endogenous variables: Organic matter (C~org~, chlorophyll a, and THAA), bioturbation, macrofaunal and meiofaunal diversity (based on inverse Simpson index), faunal and microbial aerobic and anaerobic respiration \[from Lichtschlag *et al*. ([@R37])\], and bacterial diversity (based on inverse Simpson index from ARISA).\
Arrows (paths) indicate negative (red) or positive (blue) effects of bottom-water oxygen concentration, respectively, and numbers associated with arrows represent path coefficients. The goodness-of-fit index of the model was 0.75. \**P* \< 0.05; \*\**P* \< 0.01; \*\*\**P* \< 0.001. °*P* = 0.08, marginally significant trend.](1601897-F4){#F4}

DISCUSSION
==========

Bottom-water oxygen availability is one of the key factors governing the biogeochemistry and community composition of shelf and slope sediments ([@R10]). Previous studies have shown that with decreasing bottom-water oxygen concentrations, more organic matter can accumulate in marine sediments over a wide range of time scales ([@R11], [@R41]). Even labile organic matter components can be preserved in anoxic sediments such as phytodetritus pigments, fatty acids (FAs), and amino acids ([@R9], [@R10]). The underlying mechanisms and thresholds have remained controversial. Experimental studies often do not detect such effects ([@R15]), which could be due to their restricted duration or to artificial conditions such as dilution and mixing of sediments. In contrast, the interpretation of field data compilations is challenged by the lack of essential geochemical data to assess burial efficiency such as particle input, sediment accumulation rates, and oxygen exposure time. Here, we have sampled a persistent natural gradient in bottom-water oxygen concentrations within a transect of 40 km on the northwestern Crimean shelf break (Black Sea) and compared ecosystem-level functions across four zones: (i) permanent oxic, (ii) variable oxic-hypoxic, (iii) variable anoxic-hypoxic, and (iv) permanent anoxic, with sulfide in bottom waters.

Hypoxia and organic matter preservation
---------------------------------------

Surface sediment organic carbon and nitrogen content along the 40-km transect fell within the range described for surficial sediments of the Black Sea ([@R42]--[@R44]) and other hypoxic ecosystem at similar water depths and sedimentation rates \[for example, depth of 140 m, Pakistan margin oxygen minimum zone; ([@R45])\]. THAA concentrations ([Table 1](#T1){ref-type="table"}) agreed with the range of data reported for surficial sediments of the Black Sea ([@R46]) and from the oxygen minimum zone of the Chilean upwelling coast ([@R47]) at similar water depths. Comparing surface sediments across the four zones of bottom-water oxygen availability, we observed an increasing preservation of organic matter with decreasing bottom-water oxygen concentration ([Figs. 1](#F1){ref-type="fig"} and [2](#F2){ref-type="fig"} and [Table 1](#T1){ref-type="table"}), with a threshold already at the onset of hypoxia (bottom-water oxygen concentration of \<63 μM O~2~).

Our results indicate that even short-term hypoxic conditions, that is, exposure of seafloor sediments to a few days of hypoxic waters advected by internal waves can contribute to substantial carbon accumulation ([Fig. 2](#F2){ref-type="fig"} and [Table 1](#T1){ref-type="table"}). This was observed as an increase of total organic matter deposition by 50% over the same sediment depth interval, over a period of at least 40 years according to the burial rate ([@R37]). This pattern is consistent with the decline in rates of total oxygen uptake (diffusive and fauna-mediated oxygen uptake; [Fig. 2](#F2){ref-type="fig"}), which decreased by the same magnitude (50%) toward hypoxic conditions, along with significant changes in the composition of megafauna and macrofauna. Bottom-water oxygen showed one of the strongest negative effects on both faunal diversity and respiration ([Fig. 4](#F4){ref-type="fig"} and table S6). The remineralization rate in oxygen equivalents, including reoxidation of, for example, sulfide, dropped fourfold between the variable oxic-hypoxic and hypoxic-anoxic zones ([@R37]). Our results confirm a tight coupling between oxygen availability, faunal activity, and organic matter remineralization ([Fig. 4](#F4){ref-type="fig"}), showing that even short-term hypoxia causes substantial shifts in ecosystem function, leading to preservation of bulk organic matter. This is a relevant finding not only for the past history of anoxia in aquatic systems but also with regard to the future of seafloor ecosystems under oxygen stress, because physical transport of low-oxygen bottom waters by internal waves, eddies, and currents can substantially expand the area affected by hypoxia.

At the site with oxic bottom waters, minimum background C~org~ values of \<1.6% were reached in the anoxic horizon at a sediment depth of 4 cm. Because of bioturbation at this site, this value represents a reccurring exposure to oxic-suboxic conditions over ca. 40 years according to the burial rates. In contrast, C~org~ concentrations were significantly higher in the hypoxic-anoxic zones ([Fig. 2](#F2){ref-type="fig"}), which had much less fauna and lacked bioturbation ([@R37]). Organic carbon content remained at 1.9 to 2% (sediment depth of 2 to 4 cm) within 20 to 40 years, after which no further decline was observed, even down to a sediment depth of 70 cm (fig. S2), equivalent to a few hundred years. This confirms that a substantial fraction of organic matter escapes remineralization in the absence of bioturbation.

To further test the hypothesis of an influence of bottom-water oxygen availability on fauna and also on microbial community activity and structure and on the degradation rates and composition of organic matter, we assessed the accumulation of specific, presumably labile compounds, such as hydrolyzable amino acids, and phytodetrital chloroplastic pigments. Enhanced preservation of amino acids in sediments exposed to stable hypoxic conditions has previously been reported for the Pakistan margin oxygen minimum zone ([@R45]) and the Arabian Sea ([@R9]). Here, we could show that THAA accumulated already at the onset of hypoxia (\<63 μM O~2~) ([Table 1](#T1){ref-type="table"}) to concentrations above a threshold of 23 μmol gdw^−1^. Integrated values over the depth layer of 0 to 5 cm suggest that a range of THAA can be preserved over hundreds of years under permanent anoxic conditions ([Table 1](#T1){ref-type="table"}).

Following the study of Dauwe *et al.* ([@R40]), we calculated the DI (THAA-based degradation index) based on the ratio of amino acids in sedimentary organic matter. As expected, DI values along the transect showed higher degradation (lowest score) at the site exposed to highest oxygen availability, while the index for sites under lower oxygenation regimes indicated that fresher material was buried ([Table 1](#T1){ref-type="table"}), in agreement with results from other marine environments subjected to permanent or seasonal hypoxia and anoxia ([@R9], [@R45]). Our data fell in the range described for coastal sediments \[([@R40]) and references therein\] and coastal areas exposed to seasonal oxygen minimum conditions at comparable depths ([@R47]). From the amino acid data set of Mopper *et al.* ([@R46]) for the Black Sea sediments exposed to permanent anoxic-sulfidic conditions, we also calculated positive DI scores of 1.2, in agreement with our results.

Similarly, more chloroplast pigments accumulated in the sediments with increasing hypoxia. We can exclude differential productivity regimes or export fluxes within the sampled transect as a cause for this pattern (fig. S1). Under oxic conditions, chlorophyll a pigments were already substantially degraded at the sediment surface ([Fig. 2](#F2){ref-type="fig"}), confirming the relevance of faunal processing of sediments for the degradation of pigments and other organic compounds ([@R6], [@R48]). Chlorophyll a preservation and total chloroplast pigments increased already at \<63 and \<100 μM O~2~, respectively, in bottom waters. Chloroplast pigments increased by 200% under variable hypoxia and up to 300% under anoxia ([Fig. 2](#F2){ref-type="fig"} and [Table 1](#T1){ref-type="table"}). Overall, pigment concentrations were in the range of the oxygen minimum zone of the Chilean upwelling system ([@R49]) and the Pakistan margin ([@R50]), with a similar trend of lower concentrations accumulating in oxic waters compared to anoxic ones.

One hypothesis for the decrease of microbial remineralization efficiency under hypoxia and anoxia is the lack of particle grinding and mixing by benthic fauna \[([@R6]) and references therein)\], which our model confirmed ([Fig. 4](#F4){ref-type="fig"}). Furthermore, it has previously been suggested that sulfurization (also referred to as vulcanization) of lipids and carbohydrates through inorganic sulfur incorporation ([@R1]) could enhance carbon preservation in anoxic sediments. When oxygen is fully consumed, sulfate becomes the major electron acceptor in anoxic marine sediments, leading to the production of hydrogen sulfide. The relatively high sulfate reduction rates measured at the anoxic site and the amount of free hydrogen sulfide in pore waters of the subsurface layers ([Table 1](#T1){ref-type="table"}) suggest that sulfurization may have taken place in the absence of bioturbation. It was previously shown that, for anoxic Black Sea sediments, sulfurization of organic matter can occur during the very early stages of sedimentary diagenesis and even at the sediment-water interface ([@R51]). Our study assessed the sulfur signature of the DOM pool and found that anoxic conditions resulted in a threefold greater accumulation of sulfur-bearing compounds in the pore-water DOM pool (CHOS, CHONS, and CHOSP) than in sediments exposed to oxic bottom water (57 and 19%, respectively; [Table 2](#T2){ref-type="table"}). These results are consistent with previous findings on the sulfurization of sedimentary particulate and DOM under anoxia ([@R52]) that can be expressed by the sulfurization ratio, a proxy to assess the extent of sulfurization (fig. S5).

Effects on benthic bacterial communities under varying oxygen availability
--------------------------------------------------------------------------

A strong effect of oxygen on microbial community structure has recently been reported for pelagic ecosystems exposed to low oxygen concentration ([@R53]); changes in beta diversity were detected even at 50% oxygen undersaturation, at oxygen levels much higher than that defined as hypoxia. In contrast, the variation of oxygen in bottom waters showed a rather weak effect on the benthic bacterial diversity and community composition in the Baltic Sea sediments ([@R54]). In this first study of a persistent hypoxia gradient on microbial community composition in outer shelf sediments, we found a low direct effect of different bottom-water oxygen concentrations at the microbial diversity level, assessed as benthic bacterial sequence evenness (table S2) and composition ([Fig. 3B](#F3){ref-type="fig"}), with two different fingerprinting methods targeting abundant types at low resolution (ARISA) or rare types at high resolution (454 NGS). Sequence diversity tended to increase with decreasing bottom-water oxygen and increasing sediment depth; this pattern could be explained by a greater number of unique, rare OTUs in anoxic sediments (tables S1 and S2). Nonetheless, we detected significant differences between the total community structure and individual groups of bacteria according to oxygen concentrations in the bottom water. Along the environmental gradient studied here, the most abundant classes overlapped among all sites, even at the OTU~0.03~ level, up to 40% (table S3). However, for each OTU we could also identify different sequence-abundant ecotypes whose relative abundances were either positively or negatively associated with decreasing bottom-water oxygen concentration (table S5). This suggests that oxygen availability in bottom waters is a key factor in the selection and diversification of ecotypes of bacteria in suboxic to anoxic sediments, as studied here.

In the Black Sea sediments, more than 80% of the total sequences retrieved belonged to *Bacteroidetes* and *Proteobacteria* (41 and 42%, respectively), differing somewhat from the global composition of coastal sediments in the high fraction of *Bacteroidetes* ([@R55]). The most abundant bacterial groups at the class level were represented by *Deltaproteobacteria* and *Flavobacteriia*. These increased in sequence abundance toward anoxic conditions ([Fig. 3](#F3){ref-type="fig"}, B and C), especially the group of sulfate-reducing bacteria affiliated with *Desulfobacteraceae* and *Desulfobulbaceae* (*Deltaproteobacteria*). Accordingly, sulfate reduction dominated organic matter remineralization with increasing hypoxia ([Fig. 2](#F2){ref-type="fig"} and [Table 1](#T1){ref-type="table"}), in agreement with previous investigations in the Black Sea ([@R33], [@R43], [@R56]) and in the upwelling ecosystem off central Chile ([@R57]) and with predicted changes in ecosystem function with hypoxia ([@R58]). Other abundant inhabitants of hypoxic conditions were affiliated with *Flavobacteriaceae* (*Flavobacteriia*) ([Fig. 3](#F3){ref-type="fig"}, B and C), which comprised, by far, the most sequence-abundant bacterial family in this study, with ca. 15% of all NGS sequences. The high overlap of OTU~0.03~ affiliated with *Flavobacteriia* between different oxygenation regimes suggests that this group, with its hydrolytic/fermentative capabilities, metabolic versatility, and copiotrophic characteristics ([@R59]--[@R61]), might be able to adapt well to varying oxygen conditions, supporting its dominance in organic-rich sediments exposed to variable oxygenation states ([@R62], [@R63]). High relative abundances of *Flavobacteriaceae* were associated with the hypoxic zone, where labile organic matter accumulated in this study ([Figs. 2](#F2){ref-type="fig"} and [3C](#F3){ref-type="fig"}). Thus, *Flavobacteriaceae* present key community members under varying hypoxic conditions and could be referred to as part of a typical oxic-hypoxic microbiome, as it has been proposed for the planktonic relatives of this order, inhabiting pelagic oxygen minimum zones ([@R64]).

It had previously been suggested that the water column oxycline is biogeochemically similar to the sediment redox zone ([@R65]). However, other than the dominance of *Flavobacteriia*, we found few similarities between the most abundant taxa populating these two zones in the Black Sea. Published data show that dominant groups inhabiting the upper Black Sea hypoxic waters are affiliated with *Alphaproteobacteria* (mainly, SAR11), whereas *Gammaproteobacteria* (SUP05; *Methylococaceae*) and marine group A become more abundant toward anoxic conditions ([@R66]--[@R69]). Of these relevant groups in the pelagic chemocline, \<0.1% were represented in the benthic hypoxic-anoxic zone. Rather, the microbial community of the benthic chemocline was comprised of taxa affiliated with *Chloroflexi* (*Anaerolineae* and *Caldilineae*), candidate division JS1, and *Deltaproteobacteria* (*Desulfobacterales*), which dominate surface and subsurface sediments ([@R70]--[@R72]). Sulfide oxidizers were also found in some locations ([@R73]).

Factors influencing remineralization efficiencies: The role of oxygen in biogeochemical functioning of benthic communities
--------------------------------------------------------------------------------------------------------------------------

Our data support the hypothesis that a key factor in declining remineralization efficiencies with decreasing oxygen supply is the loss of faunal activity, such as feeding, bioturbation, and bioirrigation, by bottom-dwelling animals ([@R10], [@R37]). Furthermore, we were able to quantify the substantial negative effect of short-term hypoxia on remineralization. In shelf areas and at the upper margin, the benthic fauna contribute a significant fraction of total remineralization rates ([@R74]), because of their specific abilities as multicellular organisms to efficiently feed on particles, move, collect, and redistribute food, and by their ability to transport oxygen into the sediments by bioturbation and bioirrigation. In hypoxic and anoxic zones of shelf seas, the diversity and biomass of benthic fauna decline because of oxygen limitation, as does their role in remineralization ([@R14]). Thus, as oxygen decreases, organic matter degradation increasingly depends on the activity of anaerobic microbes \[for example, fermentation and sulfate reduction; ([@R10], [@R75])\]. Previous investigations suggested that bacterial diversity and community composition can be affected by bioturbation ([@R76], [@R77]). The bacterial community seems able to adapt rapidly to varying oxygen conditions but will respond to the decrease in fauna-mediated particle transport and milling with decreasing remineralization efficiencies. The reduction in organic matter and sediment mixing also explains the preservation even of labile organic matter fractions because microorganisms depend on diffusion in the absence of fauna.

Lichtschlag and colleagues ([@R37]) showed that both the abundance and richness of macrofauna and meiofauna decreased sharply along the transect from oxic to anoxic conditions. In contrast to faunal biodiversity, microbial diversity and evenness investigated in this study increased toward anoxic conditions (table S2), suggesting that these microbial variables cannot serve as indicators, to assess effects of hypoxia on the state of marine ecosystems. Our results support hypotheses based on patterns observed in pelagic and benthic ecosystems ([@R26], [@R27], [@R53], [@R65], [@R78], [@R79]), which explain a higher microbial diversity in steep redox gradients and anoxic environments by the presence of a multitude of electron donor-acceptor couples, selecting for a variety of metabolic pathways and increasing the number of niches. The increase in microbial diversity with decreasing oxygen seen in this study (tables S1 and S2) may be linked to increasing anaerobic activity, including production and reoxidation of sulfide and ammonium and other products (table S4) ([@R37]). This is consistent with the hypothesis that under oxic conditions, many bacteria can fully mineralize the hydrolytic products to carbon dioxide, whereas in the absence of oxygen, organic matter breakdown is performed by diverse consortia of anaerobes ([@R4], [@R80], [@R81]), which have a lower energy yield and slower growth rates but very little grazing pressure in the absence of oxygen and could hence sustain a higher diversity.

CONCLUSIONS
===========

A key question with relevance to past, present, and future states of coastal seas and the oceans concerns the effects of expanding hypoxia on marine ecosystem functioning. As summarized in [Fig. 5](#F5){ref-type="fig"}, we have shown that variations in bottom-water oxygen supply, even when only leading to temporary hypoxia during a few days, can substantially enhance the preservation of organic matter for time scales of decades. This effect is best explained by the decrease in faunal abundance and activity at the onset of hypoxia, which leads to lower bioturbation rates and favors anaerobic microbial communities and processes such as fermentation and sulfate reduction. In the absence of particle mixing, even labile organic matter can accumulate for decades. Furthermore, variations in oxygen supply to the seafloor influenced the composition of the bacterial community of surface sediments, with different selection pressures on closely related bacterial taxa.

![Conceptual diagram of ecosystem processes changing with bottom-water oxygen on the northwestern Crimean shelf break (Black Sea).\
The filled areas (blue to red) show the minimum and maximum bottom-water oxygen or sulfide concentrations (see [Fig. 1](#F1){ref-type="fig"} for details) to which deposited organic matter (green circles) is exposed at the seafloor, leading to different remineralization rates. Diverse benthic communities inhabit the sediments, from fauna (macrofauna and meiofauna) to microbes, driving different functions in the ecosystem (see [Fig. 4](#F4){ref-type="fig"} for details on causal effects). Under stable oxic conditions, faunal abundance and bioturbation activity are high, leading to high aerobic respiration rates in all size classes (orange and yellow filled areas). At the onset of hypoxia, faunal respiration decreases and lack of bioturbation favors anaerobic microbial communities and processes such as sulfate reduction (purple filled area), increasing free hydrogen sulfide in pore waters of the subsurface layers and enhancing carbon preservation in anoxic sediments.](1601897-F5){#F5}

MATERIALS AND METHODS
=====================

Sampling scheme
---------------

Seven stations were sampled across the northwestern Crimean shelf spanning a water depth of 105 to 207 m ([Fig. 1](#F1){ref-type="fig"}). Sediments were collected by a video-guided multiple corer (TV-MUC; 96--mm--inner diameter core tubes) and a gravity corer (GC; 63--mm--inner diameter core tubes) during the MSM 15-1 expedition to the Black Sea (*RV Maria S. Merian*, Crimean Leg; 25 April 2010 to 7 May 2010; [Table 1](#T1){ref-type="table"}). Undisturbed sediment cores were sliced at intervals of 1 cm and processed for further analysis at in situ temperature of about 8°C. Sampling sites and their respective labels are summarized in [Fig. 1](#F1){ref-type="fig"} and [Table 1](#T1){ref-type="table"} (<http://dx.doi.org/10.1594/PANGAEA.855872>).

Before each TV-MUC/GC deployment, a conductivity-temperature-depth (CTD) cast \[SBE 911plus, with additional sensors for oxygen (SBE43) and fluorescence (ECO-AFL/FL; WET Labs)\] was obtained to characterize the water column. Additional data of bottom-water oxygen and sulfide concentrations were obtained from Lichtschlag *et al.* ([@R37]), measured by oxygen sensors mounted to a benthic boundary layer profiler and the submarine JAGO or measured from Niskin bottles. Oxygen measurements from the CTD were calibrated by Winkler titration method ([@R82]). A detection limit of 2 μM was defined for water-column oxygen and sulfide concentrations, according to Lichtschlag *et al.* ([@R37]). Oxygen data are deposited at <https://doi.pangaea.de/10.1594/PANGAEA.780438>, <https://doi.pangaea.de/10.1594/PANGAEA.780450>, and <http://dx.doi.org/10.1594/PANGAEA.740088>.

Biogeochemical sediment analyses
--------------------------------

Samples for organic carbon and nitrogen, pigments \[chlorophyll a and its degradation products, in the sum chloroplast pigment equivalents (CPE)\], and THAA were measured in triplicate for selected stations on freeze-dried and homogenized sediments retrieved from three different cores at stations 462, 487, 393, and 448 ([Table 1](#T1){ref-type="table"}) and from single cores at the remaining stations.

Sediment organic carbon and nitrogen were measured using a Fisons NA-1500 elemental analyzer. SDs were better than 0.2%. For organic carbon determination, samples were pretreated with 12.5% HCl to remove inorganic carbon. Chlorophyll a and CPE were measured spectrophotometrically according to Schubert *et al.* ([@R83]). THAAs were measured after Pantoja and Lee ([@R47]) from ca. 100 mg of sediment samples. Briefly, after hydrolysis (6 M HCl at 105°C for 21 hours under N~2~ gas), the supernatant was removed and neutralized (6 M KOH). Amino acid identification and quantification were performed using high-performance liquid chromatography after precolumn derivatization with *o*-phthaldialdehyde and 2-mercaptoethanol according to previous studies ([@R84], [@R85]). The DI of organic matter, depicting selective diagenetic alteration of sedimentary amino acids, was used as a proxy for the lability of sediment organic matter ([@R39], [@R40]).

DOM analysis was performed on pore-water samples extracted with Rhizons (pore size of \<0.2 μm; Rhizosphere Research Products) ([@R86]). Sediments under end-member conditions (oxic and anoxic) were assessed by extracting the section (0 to 10 cm) of the cores (using 108 and 77 ml of pore water for oxic and anoxic conditions, respectively). DOC and TDN concentrations were analyzed via catalytic oxidation at a high temperature on a TOC-VCPH Shimadzu instrument ([@R87]) on both the original pore-water samples and the solid phase--extracted samples. Solid phase--extracted DOC and TDN were determined on the methanol extracts after evaporation overnight and further dissolution in ultrapure water (pH 2) and used to calculate the extraction efficiency. The accuracy of the analysis was corroborated by analyzing deep seawater from the Consensus Reference Material Project (<http://yyy.rsmas.miami.edu/groups/biogeochem/Table1.htm>).

Pore-water samples were solid phase--extracted using 1 g of styrene divinyl benzene polymer column (Varian PPL) before mass spectrometric analysis, according to Dittmar *et al.* ([@R88]). Molecular analyses were performed at the Research Group for Marine Biogeochemistry (ICBM, Germany) by direct infusion into an ultrahigh-resolution 15-T Fourier transform ion cyclotron resonance mass spectrometer (Bruker solariX) equipped with an electrospray ionization (Apollo II Bruker Daltonik GmbH) source in a negative-ion mode. Formula assignments were accomplished for mass peaks with a signal-to-noise ratio of \>4 and based on previously reported criteria ([@R89]). A molecular formula represents the chemical composition of a molecule based on the number of atoms of each element present (C~c~H~h~N~n~O~o~S~s~) and is obtained on the basis of accurate mass determination but cannot be directly related to a chemical structure. Thus, molecular formulae were organized into different molecular groups, which have been recently shown to provide a good overview on the molecular composition of the samples ([@R90], [@R91]). Molecular groups considered in DOM characterization were as follows: (i) formulae of unsaturated aliphatics (1.5 \< H/C \< 2, O/C \< 0.9, and N = 0); (ii) peptide molecular formulae (1.5 \< H/C \< 2, O/C \< 0.9, and N \> 0); (iii) saturated FAs (H/C \> 2 and O/C \< 0.9), without (saturated FAs) or with heteroatoms (N, S, or P) (saturated FA-CHO~*x*~); (iv) formulae of sugars (O/C \> 0.9), without (sugars) and with heteroatoms (sugars-CHO~*x*~); (v) highly unsaturated compounds (AImod \< 0.5 and H/C \< 1.5); (vi) polyphenols (0.67 ≥ AImod \> 0.5); and (vii) condensed aromatics or dissolved black carbon (DBC; AImod ≥ 0.67), represented by three subgroups, with either \<15 (DBC \< 15C) or ≥15 (DBC ≥ 15C) C atoms both without and with heteroatoms (DBC-CHO~*x*~). Molecular information of DOM was also evaluated on the basis of the contribution of CHO, CHON, CHOS, CHOP, and CHONS formulae in each sample and by the intensity weighted average (wa) of the elemental ratios H/C~wa~ and O/C~wa~, as well as the double-bond equivalents (DBE~wa~) and aromaticity index (AImod~wa~) ([@R92]--[@R94]).

The sulfurization index was calculated after the study of Schmidt *et al.* ([@R52]) following [Eq. 1](#E1){ref-type="disp-formula"}$$\frac{C_{c}H_{h + 2}O_{0 - 1\ }S_{1} + C_{c}H_{h + 4}O_{0 - 2}S_{2}}{\ C_{c}H_{h}O_{0}}$$where C~c~H~h~O~0~ is the potential precursor of the sulfurization reaction, in which, for the incorporation of 1 S atom, 1 O atom is removed and 2 H atoms are added. A comprehensive characterization of pore-water geochemistry and sediment properties can be found at <http://dx.doi.org/10.1594/PANGAEA.844879>.

Benthic community characterization
----------------------------------

### Faunal community

Abundance and composition of meiofauna and macrofauna were obtained from Lichtschlag *et al.* ([@R37]). Briefly, the upper 5 cm of each sediment core were sliced horizontally into 1-cm sections, washed through sieves of 1000- and 63-μm mesh sizes, and preserved in 75% alcohol. The animals retained in the size class of 1000 to 2000 μm were counted as macrofauna, while organisms retained in 63-μm mesh size were counted as meiofauna. Animals were sorted and identified to higher taxa using a stereo microscope (×90 magnification) and a light microscope (up to ×1000 magnification).

### Microbial community

#### Cell counts

The number of cells in the sediments was determined at stations 462, 487, 393, and 448 by the AODC (Acridine Orange Direct Count) method. Subsampled 1 cm sediment sections were fixed in 2% formaldehyde-filtered artificial seawater, stored at 4°C, and treated according to previous studies ([@R95], [@R96]). Total cell numbers were determined by randomly counting at least 30 grids per filter (for two replicate filters).

#### DNA extraction

Total community DNA was assessed from three different cores at each station. On board, sediment was subsampled and stored at −20°C for further analysis. Total DNA was extracted from ca. 1 g of wet sediment using UltraClean Soil DNA Isolation Kits (MO BIO Laboratories Inc.). Extracted DNA was quantified with a microplate spectrometer (Infinite 200 PRO NanoQuant; TECAN Ltd.), and its concentration was adjusted for each step of the subsequent molecular protocol.

#### Automated ribosomal intergenic spacer analysis

The bacterial community structure was determined by the ARISA fingerprinting method, according to Fisher and Triplett ([@R97]). Triplicate polymerase chain reactions from standardized amounts of DNA (10 ng) from each sample were amplified using the bacteria forward FAM-labeled ITSF and reverse ITSReub specific primers ([@R98]). All molecular protocols, including the binning into OTUs and data formatting, were carried out as described previously ([@R99]).

#### 454 Next-generation sequencing

Extracted DNA was amplified and sequenced by the Research and Testing Laboratory (Lubbock, TX). The V4 to V6 regions of the 16*S* ribosomal RNA genes were amplified using the bacterial primers 530F and 1100R according to Klindworth *et al.* ([@R100]). Fragments were sequenced following the 454 pyrosequencing protocol ([@R101]) and Titanium reagent chemistry. The raw sequences and all the upstream workflow were conducted with mothur (v.1.29), following the standard operating procedure for chimera removing and clustering ([@R102], [@R103]), including the implemented denoising algorithm. Sequence taxonomic assignments were carried out using the SILVA bacterial reference ([@R104]) downloaded from [www.mothur.org](http://www.mothur.org) (September 2013), and sequences were clustered at a 3% difference level into OTUs (OTUs~0.03~). Sequence counts were standardized by the total amount of sequences per sample to get relative abundances, and singleton OTUs were removed. Sequences obtained in this study were deposited at the European Molecular Biology Laboratory under the project accession number PRJEB12983.

#### Statistical analysis

Data on respiration rates, bottom- and pore-water composition, and sulfate reduction rates that were included in the discussion and the statistical model of bottom-water oxygenation effects were previously published ([@R37]), and the respective data are available at doi:10.1594/PANGAEA.855872 and <http://dx.doi.org/10.1594/PANGAEA.844879>.

Statistical analysis was conducted following the study of Ramette ([@R105]) and using vegan and custom R scripts ([@R106]) performed in R (version 3.0.1; [www.R-project.org](http://www.R-project.org)). All diversity indexes for the 454 NGS data were obtained with mothur (v.1.29) ([@R102]). The associations between oxygen availability (bottom-water oxygen concentration), presence of bioturbation, metazoan diversity, organic matter, and faunal and microbial respiration with microbial community diversity were addressed using PLSPM ([@R107]) with the R package plspm, and only the final model is reported. Faunal and microbial respiration, together with abundance and composition of meiofauna and macrofauna, were obtained from Lichtschlag *et al.* ([@R37]). From the same data set, bioturbation was qualitatively deduced from a combination of fauna abundances, shape of oxygen profiles, and microtopography. For the path model, bottom-water oxygen was defined as an "exogenous" variable (that is, it is not expected to be affected by other variables in the model), whereas the rest were defined as "endogenous" variables (that is, their variances are partially explained by other variables in the model) ([@R107]).
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table S1. Percentage of shared and total number of OTUs and ANOSIM based on Bray-Curtis distance matrix between oxygenation conditions (based on ARISA profiles, upper-left corner of the table).
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table S3. Pairwise comparisons based on OTU presence-absence (without singletons) between oxygenation regimes (at the OTU~0.03~ level) for the three key bacterial groups: *Deltaproteobacteria* (up), *Gammaproteobacteria* (center), and *Flavobacteriia* (down).

table S4. Overview of 454 OTU sequences of relevant bacterial types responding to changes in bottom water oxygen concentration.

table S5. Ranking of most abundant bacterial OTUs (without singletons) in decreasing order of their relative sequence abundance (in %) across all samples.

table S6. Contribution (%) of each hypothesized relationship (path) to global explained variability \[global *R*^2^; see Tenenhaus *et al*. ([@R107]) for details\].

table S7. Abundance of macrofauna and meiofauna taxa of the northwestern Crimean Shelf.

fig. S1. Ten years (5 May 2000 to 5 May 2010) of satellite-based surface chlorophyll a concentration.

fig. S2. Downcore organic carbon (%C~org~) in the upper 70 cm comparing permanent oxic (station 462, 105 m) and anoxic (station 448, 207 m) conditions on the Crimean shelf.

fig. S3. Downcore THAA concentrations (μmol gdw^−1^) and DI comparing permanent oxic (station 462, 105 m) and anoxic (station 448, 207 m) conditions on the Crimean shelf.

fig. S4. THAA concentration integrated 0 to 5 cm (bars) and THAA surface concentrations (triangles).

fig. S5. Sulfurization ratio calculated for molecular formulae detected in pore waters extracted from oxic (A) and anoxic conditions (B).

fig. S6. Downcore cell abundances \[single cells (×10^9^) ml sediment^−1^\], in the upper 30 cm, comparing oxygen regimes on the Crimean shelf.

fig. S7. Ordination biplots generated by Correspondence Analysis (CA) of benthic communities retrieved on the Crimean shelf; (A) bacterial communities (based on ARISA fingerprinting), (B) meiofaunal and (C) macrofaunal abundances of each taxonomic group.
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